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Experimental Study of Laser-Induced Melting in Two-Dimensional Colloids
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(Received 22 May 1998)

We study the phase behavior of a charged two-dimensional colloidal system in the presenc
a periodic light field composed of two interfering laser beams. Above a certain light intensity,
light field initiates a liquid-solid transition. This effect is known as light-induced freezing. Whe
the light field is increased above a critical value, however, the induced crystal is predicted to
into a modulated liquid again. In this paper we report the first direct experimental observation of
reentrance phenomenon. [S0031-9007(98)07130-0]

PACS numbers: 82.70.Dd, 64.70.Dv
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Freezing and melting are common but intriguing ph
nomena not only from the fundamental physical point
view but also from daily life experience [1]. The orde
distinguishing a liquid from a crystal is the spatial modu
lation of the particle density, which is homogeneous in th
liquid phase while periodic in the crystalline solid phas
There still exist, however, some short-range structure
fluctuating density modes in liquids as indicated by th
maximum in the structure factor at a nonzero wave vect
The freezing transition, which can be viewed as a conde
sation of the liquid density modes, is achieved, e.g.,
lowering the temperature or increasing the particle de
sity r of the system [1–3].

Chowdhury, Ackerson, and Clark demonstrated that
an external periodical potential is coupled to some
these density modes this may lead to a freezing transit
of a liquid [4]. They subjected a two-dimensional (2D
system of strongly interacting colloidal particles to
one-dimensional (1D) potential provided by the standin
wave pattern of two interfering laser beams. Whe
the periodicity of the light pattern was chosen to b
commensurate to the mean particle distance, the colloi
liquid was observed to crystallize if the light intensity
is strong enough. This phenomenon is denoted as las
induced freezing (LIF). A theoretical analysis in terms o
the Landau-Alexander-McTague theory revealed that L
may change from a first to a second order transition wh
the light intensity is increased [4].

When Chakrabartiet al. reinvestigated this phenom-
enon in terms of density functional theory and Mont
Carlo simulations [5,6], they could reproduce the results
Chowdhuryet al.,but additionally found a novel reentran
laser-induced melting transition (LIM) from the crystal to
a modulated liquid phase when the light intensity is in
creased even further. It was suggested that this may
due to the restricted particle motion transverse to the p
tential modulation which would lead to a reduced effectiv
dimensionality of the system and enhanced fluctuations

In this Letter, we study the phase behavior of
two-dimensional system of strongly interacting colloida
particles under the influence of a modulated laser fie
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as a function of the light intensity. An analysis of th
pair correlation functiongsx, yd and the single particle
densityrsx, yd reveals that with increasing light intensity
the system changes from a modulated liquid to a crys
and finally back to a modulated liquid again. This is i
agreement with the LIM phenomenon predicted above.

The samples used in our experiments consist of aque
suspensions of polystyrene spheres3 mm in diameter
and a polydispersity of4% (Interfacial Dynamics Corp.).
The particles are highly charged due to sulfate grou
leading to a strong repulsive screened Coulomb parti
interaction. The sample cell was composed of two optic
flats with a spacing of about20 mm. This narrow
spacing is important to suppress thermal convecti
which is observed for spacings above a few hundr
microns due to heating effects [7]. To control the partic
interaction, the cell was connected to a circuit consisti
of a peristaltically driven pump, a vessel containing io
exchange resin particles, and an electrical conductiv
probe [8]. Additionally, a certain amount of ion exchang
resin particles was added to the edge of the cell
stabilize our system during the experiments at an ion
conductivity of about0.5 mSycm. We used a setup
similar to the Mach-Zender interferometer to produce tw
parallel coherent laser beams from an Argon ion las
(TM00 mode,l ­ 514 nm). These beams were directe
by a convergent lens to cross and to produce interfer
fringes in the plane of the sample which is located at t
focal plane of the lens. A schematic picture of our syste
is shown in Fig. 1. The fringe spacing was adjusted
the spacing between these parallel beams through
position of a motor-driven mirror. The particles wer
additionally illuminated with white light from above and
were observed with a CCD camera which was attach
to an optical microscope. The scattered laser radiat
was blocked with an optical high pass filter. The imag
were stored on videotape for further analysis. For deta
regarding our setup we refer to the literature [9].

To characterize the different structures we determin
the pair correlation functiongsx, yd and the single particle
densityrsx, yd from the coordinates of the particle cente
© 1998 The American Physical Society
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FIG. 1. Schematic representation of our sample geometry

which were obtained by a particle recognition program
In particular, rsx, yd is an important and fundamenta
quantity directly displaying the spatial modulations an
plays the role of an order parameter [1]. Thus, b
qualitatively different functions forrsx, yd, one can
distinguish different thermodynamic phases.

Since dielectric polystyrene particles are polarized
the electrical field of a laser beam, the interaction of the
dipole moments with an interference pattern leads to
periodic, external potential for these particles. Takin
the finite size of the colloidal spheres into account, t
potential comprised by a modulated laser field can
written as [7]

V sxd ­ 2V0 coss2pxydd , (1)

where V0 ­ f3nwPs
3
0sn2 2 1dycr2

0 sn2 1 2dg f j1sps0y
dddy2ps0g, with P being the laser power,c the velocity
of light in vacuum,n the ratio of the refraction indices
of polystyrenenp and waternw, s0 the colloidal particle
diameter,j1 the first order spherical Bessel function,r0
the waist radius of the Gaussian laser beam, andd the pe-
riod of the potential corresponding to the fringe spacin
respectively. In our setup,r0 was determined to350 mm.
Since the averaged light intensity radially decreased fro
the center towards the edges due to the Gaussian sh
of the laser beam, we considered only a central reg
of the interference fringes for our data analysis, whic
is about 120 mm in diameter. The potential depthV0
in this region varied only about5%; therefore Eq. (1)
can be applied to good approximation. Dipole-dipo
interactions between the particles can be neglected si
they are only on the order of1% of V0.

The laser beams which were directed from above in
our cell exerted additionally a vertical pressure on t
particles, thus pushing them towards the bottom gla
plate of the cell. However, since the glass surfac
are negatively charged when in contact with wate
the particles are prevented from sticking to the gla
surface by electrostatic repulsion [10,11]. The vertic
radiation pressure reduced the fluctuations of the partic
perpendicular to the cell plane which were estimated to
less than0.5 mm from the particle-wall potential [10,11]
and makes our system two dimensional.
.
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The particle density in our cell was kept constan
with an area fraction of about 0.2, which is somewha
smaller than the concentration required for spontaneo
crystallization. In the absence of a periodic light potentia
the system therefore always exhibited a liquid structur
as can be seen from the homogeneousrsx, yd and
isotropic gsx, yd in Figs. 2a and 2b. In contrast to this,
considerable changes in the structure were observe
when a light potential was applied, as will be discusse
in the following. Figs. 2c–2h show contour plots of
rsx, yd andgsx, yd data for three different light intensities,
corresponding to potentialsV0 of 0.6kBT , 2.1kBT , and
6.3kBT , respectively, wherekBT is the thermal energy at
room temperature. To obtain sufficient statistics,rsx, yd
andgsx, yd were averaged over 200 pictures having tim
intervals of 3 sec each. All length scales in Fig. 2
are in units of the potential periodd which was kept
constant at a value of8.3 mm. This periodicity is nearly
commensurate with a hexagonal crystal structure with
lattice constant equal to the mean particle distance in t
liquid phase, i.e., whenV0 ­ 0.

In Fig. 2c s0.6kBTd, the particle density is modu-
lated perpendicular to the interference fringes (oriente
along they direction) and reflect the underlying inten-
sity pattern. In contrast, no modulations, i.e., a liquidlike
behavior, are observed in they direction. From the cor-
responding plot forgsx, yd it can be seen that correlation
effects along the lines are only short ranged, and that a
cal hexagonal structure appears oriented according to t
light potential. These features are characteristic for th
modulated liquid phase.

Increasing the potential to2.1kBT , one observes that
now rsx, yd andgsx, yd are modulated both in thex and
y directions, which shows that at this intensity the system
responds by forming a 2D crystal (Figs. 2e and 2f). Thi
is also in quantitative agreement with the LIF transition
observed by other authors [4,7].

If the light intensity is increased even further toV0 ­
6.3kBT , however, indications for crystalline order can no
longer be found (Figs. 2g and 2h). Rather,rsx, yd and
gsx, yd are again very similar to the modulated liquid
phase observed in Figs. 2c and 2d. Obviously, enhanci
the potential modulation causes the system to melt into
modulated liquid. This finding is in excellent agreemen
with the theoretically predicted light-induced melting.
Furthermore, it can also be seen that the fluctuation
in the y direction in this reentrant phase are much
larger compared to the crystalline phase, which is als
in agreement with theory [12]. A more detailed analysi
shows that the width of the lines in Figs. 2c, 2e, and 2g
which reflects the transverse fluctuations of the particle
decreases with increasing light intensity. This is a direc
consequence of an increased lateral confinement of t
particles in the light potential wells.

More evidence for the assignment of the differen
phases mentioned above is derived from an analysis
2607
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FIG. 2. Contour plots of the averaged density distributio
rsx, yd and pair correlation functiongsx, yd for zero light
potential [(a),(b)] and for three nonzero potential value
{[(c),(d)] 0.6kBT modulated liquid, [(e),(f)]2.1kBT crystal, and
[(g),(h)] 6.3kBT reentrant modulated liquid}. The horizontal
and vertical axes arex and y, respectively. All length scales
are normalized by the potential periodd.

the pair correlation function along they directiongs yd as
shown in Fig. 3. For the modulated liquid at the smalle
light intensities, the particle correlation is short range
2608
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FIG. 3. Averaged pair correlation functiongs yd of particles
along the potential lines forV0 ­ 0.6kBT (squares),2.1kBT
(circles), and6.3kBT (diamonds), respectively. The lines are
fits as explained in the text. The data are offset in the vertica
direction for clarity.

and finally decays to 1 with increasingy (squares). The
envelope of this curve can be fitted to an exponentia
decay with a decay length of2.5d (solid line). This
clearly demonstrates the liquid order of the particles in
the y direction. At the intermediate potential, the pair
correlation function decays much slower (circles) and its
envelope cannot be described by an exponential deca
In contrast, we find that the data can be fitted well to
an algebraic decaygs yd 2 1 , y2h with an exponent
h ­ 0.63 6 0.05 (solid line). This is in agreement
with the fact that a 2D solid displays only quasi-long-
range order and that the pair correlation function decay
algebraically [13,14]. For a 2D solid with triangular
lattice the exponenth at the melting point depends on
the reciprocal lattice vectorG. With G0 being the first
reciprocal lattice vector,h is between 1y4 and 1y3 for
G ­ G0, and between 3y4 and 1 forG ­

p
3 G0. The

periodicity in ourgs yd plot corresponds toG ­
p

3 G0.
The fact that we obtained a value forh smaller than the
corresponding lower limit 3y4 indicates that the system
was not at the melting point. For the highest potentia
used in our experimentssV0 ­ 6.3kBT d, gs yd decays
much faster than in the crystalline state (diamonds). It is
difficult to decide whether an algebraic (solid line) or an
exponential function (dashed line) fits better to the data
However, unlike in the crystalline phase, the obtained
algebraic exponent is now1.15 6 0.05, which is larger
than the theoretical upper limit 1, indicating liquid order
in they direction.
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The experimental determination of the LIM transition
point is not easy because of the finite size of the syste
and the (theoretically predicted) continuous nature
the phase transition. Our data (including another da
point, not shown here) suggest the LIM transition take
place between2.1kBT and 4kBT , which is a factor of
5 to 10 times higher than the results of Monte Carl
simulations [6]. The same calculations, however, als
predict the LIF transition to occur at much smaller value
than observed both in our experiments and that of oth
authors [2,7]. This quantitative difference between theo
and experiment might be partially attributable to th
fact that the experiments were performed in finite siz
systems, whereas the simulation results are gained
extrapolation to the thermodynamic limit.

To understand the LIM from a microscopic point o
view, it is helpful to first recall the mechanism of LIF:
The short-range structure of 2D liquids is known to ex
hibit dominantly hexagonal order with random orientatio
[2]. An external 1D potential aligns this orientation and
reduces the particle fluctuations perpendicular to the p
tential lines, thus leading to a long-range density mod
in this direction (cf. Fig. 2d). When the light potential is
strong enough, the interparticle repulsion results in a re
istration of particles in neighboring lines and, accordingly
in the formation of a crystal, i.e., in a LIF transition. It
is important to pay attention to the fact that even in th
crystalline state the particles fluctuate around their equ
librium positions (cf. Fig. 2e) which contributes also to
the registration of particles and stabilizes the crystal.
now the fluctuations of particles perpendicular to the e
ternal potential lines are reduced by increasing the light i
tensity, the correlation between adjacent lines is partial
lost, and the crystal melts to a modulated liquid. Thi
LIM transition is not restricted to crystals formed by LIF
but should be also observed in systems where the pa
cle concentration is slightly above that for spontaneou
crystallization [6].

The LIM phase transition observed here is a quite ge
eral phenomenon [15] and has already been shown in
theory of Nelsonet al. for the phase transition of an ad-
sorbate under the influence of a strong substrate poten
[16]. It was predicted that the melting temperature of
so-called floating solid should decrease upon increasi
the potential strength. This effect was not given attentio
before due to the fact that the strength of the substrate p
tential cannot easily be changed in an atomic system. O
system can be understood as a special case of an ato
adsorbate system exposed to a 1D substrate potential,
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possesses the additional advantage of an adjustable “su
strate potential.”

In summary, we have studied the phase transitio
of a 2D colloidal system subjected to a 1D spatially
modulated light potential. We have demonstrated that, a
the light potential is gradually increased, a 2D liquid first
crystallizes in predominantly hexagonal order and the
melts again to a modulated liquid. This reentrant melting
is in agreement with theoretical predictions.
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